In this paper, we have examined two schemes based on Coherent Optical-Orthogonal Division Multiplexing (CO-OFDM) systems suitable for long-haul transmission. Both take advantage of the Dual Polarization Quadrature Phase-Shift Keying (DPQPSK) constellation. However, the optical transmission is done by time dimension in Time Diversity (TD)-DPQPSK scheme and by the polarization dimension in Polarization Diversity (PD)-DPQPSK scheme. Both schemes have been compared with the 4QAM conventional CO-OFDM system for Back to Back (B2B) configuration and after 1040 km and 2000 km fiber lengths. The TD-DPQPSK presents enhanced performance in terms of Optical Signal-to-Noise Rate (OSNR) and require half of the optical resources than PD-DPQPSK. Furthermore comparing the TD-DPQPSK scheme with the 4QAM system, the OSNR penalties decrease and the transmitted bit rate is doubled, for the TD-DPQPSK option.
INTRODUCTION
Due to the increase in traffic demand, the need of an effective use of the network resources is being investigated. In this sense, advance transmission techniques in terms of flexibility, scalability and capacity are needed to cope the new challenges. Orthogonal Frequency Division Multiplexing (OFDM) has emerged as a suitable candidate because of its spectral shaping capacities, its robustness against dispersion or its easy equalization. In particular, Coherent (CO) OFDM systems have been proposed due to its capability to recover the amplitude and the phase of the signal at the receiver, allowing to mitigate fiber effects and increase the attainable distance. Furthermore, these systems are able to use both, quadrature and polarization components of the electromagnetic field, that naturally suit for using 4 dimensional constellations [1] - [2] .
One of the most known 4D constellation is called Dual Polarization Quadrature Phase-Shift Keying (DPQPSK) [2] . This constellation takes advantage of the 4D signal space. It can be seen as four parallel and independent Binary Phase-Shift Keying (BPSK) channels or as two independent QPSK in each polarization. Therefore, it uses 4 bits for each symbol giving 16 possible combinations. Recent studies have extended the dimensionality to 8 as in [3] . They are based on the exploitation of the time or frequency dimensions, encoding the symbols across multiples time slots and frequency subcarriers, correspondingly.
In this paper, we propose two transmission schemes, both taking advantage of the DPQPSK constellation. The first option uses the DPQPSK constellation and transmits the optical signal in time dimension, hence the name Time Diversity (TD)-DPQPSK. It enables avoiding the nonlinear interference for fiber propagation as it is demonstrated in [3] . The other transmission scheme, named as Polarization Diversity (PD)-DPQPSK, uses the polarization dimension in order to transmit the signal in optical domain. The performance in terms of Optical Signal-to-Noise Rate (OSNR) of both schemes have been evaluated and compared with the conventional 4QAM CO-OFDM system for Back to Back (B2B) configuration and after 1040 km and 2000 km fiber links. 
TRANSMISSION SCHEMES
We have considered two transmission schemes taking advantage of the DPQPSK constellation in a CO-OFDM system, one of them based on TD and the second option based on PD. In Fig. 1 the block diagram for both transmission schemes is illustrated.
At the transmitter, the input data is mapped onto the DPQPSK constellation [2] . As a result, we obtain two signals, one for each polarization. For each one, the Training Symbols (TS) are inserted and then, the Spectral Gap (SG) around the RF and the Zero Padding (ZP) are included. After that, the digital time domain signal is obtained by using the Inverse Fast Fourier Transform in 2 Dimensions (IFFT2D) [4] . Next, the Cyclic Prefix (CP) is added for both polarizations and the signals are serialized and clipped. At this point we propose two alternatives in order to transmit the signal thought the optical channel.
For one option, the transmission is done over the time dimension, what is referred as the TD-DPQPSK transmission scheme in Fig. 1 . As it can be observed, at the output of the clipping we have the two different complex signals, corresponding to the two orthogonal polarization states. We interleave the in-phase component of both polarizations in time domain in consecutive time slots. The same process is repeated for the quadrature component of both polarizations. Consequently, we obtain two signals as shown in Fig. 2 . Next, the two signals are upsampled and filtered in order to simulate the Digital to Analog Converter (DAC). The resulting signals are converted onto the optical domain using an I/Q modulator biased near the null point. The output signal is amplified and transmitted through several fiber spans. To convert the signal from optical to electrical domain, we use homodyne detection. It is realized with a 90° optical hybrid and two pairs of photo balanced detectors resulting an electrical in-phase and quadrature signals. Then the signals are filtered and a RF pilot algorithm is applied to compensate the phase noise. After that, the signals are downsampled in order to simulate the Analog to Digital Conversion (ADC). At this point, the time domain signals are time deinterleaved obtaining two complex signals, one for each polarization, with their corresponding in-phase and quadrature components.
Figure 2. Interleaving of the polarization signals in time dimension
The other option to transmit the signals is using the polarization dimension that corresponds with the scheme named as PD-DPQPSK in Fig. 1 . After the clipping, the in-phase and quadrature components of both polarizations are upsampled and filtered. The resulting signals are injected into the corresponding nested I/Q modulator that consists of two I/Q modulators each one for each polarization. The laser in this case is splitted in order to obtain two optical (Horizontal (H) and Vertical (V)) signals, one for each I/Q modulator. Thus, the Jones vector of the laser signal is given by:
The resulting optical signals traverse several fiber spans and, at the receiver, they are detected by two homodyne detectors, such as the one previously described. The main difference is that, in this case, the LO is 45º linearly polarized. After that, the corresponding in phase and quadrature signals for both polarizations are filtered, the RF pilot algorithm is applied for phase compensation and the signals are downsampled emulating the conversion from analog to digital domain. The outputs are composed of two signals, each one with their corresponding in-phase and quadrature components as for the TD-DPQPSK scheme. Hence the following digital signal processing stage is common for both transmission schemes as can be observed in Fig. 1 . This final stage consist of the parallelization of the signals, the removal of the CP and the FFT2D performance. Next, the equalization and the removal of the SG, the ZP and the TS. Finally, the serialization and the demodulation of the signals in order to obtain the original bit stream. Please note that the TD-DPQPSK transmission scheme uses only one I/Q modulator and one homodyne detector, whereas the PD-DPQPSK scheme doubles these optical resources. However, the Digital Signal Processing (DSP) associated to TD-DPQPSK scheme involves higher complexity. Another interesting aspect to be consider for the TD-DPQPSK transmission scheme, is the expected reduction of the fiber nonlinearities impact on system performance, as has been recently demonstrated in [3] , with respect to the PD-DPQPSK.
SIMULATION
The proposed systems have been assessed by means of numerical simulations done by Python software. The performance evaluation is done by the Bit Error Rate (BER), which is calculated by using the statistical counting of received bits. We have considered the Soft-Decision (SD) Error Forward Correction (FEC) that entails the 20% of overhead in data transmission and a target BER of 2×10 -2 . A pseudorandom data sequence with 2 17 bits is generated running at net symbol rate of 10 Gbaud and gross symbol rate of 14.31 Gbaud. The overhead consist of the aforementioned FEC, 1.9% of CP, 5.88% of TS, 9.37% of SG around the RF and 1.17% of Zero Padding (ZP). At the transmitter, the bit sequence is DP-QPSK encoded and OFDM modulated with 512 subcarriers. The frame structure for the total number of the subcarriers can be observed in Fig. 3a) and the corresponding frequency mapping in Fig. 3b) . The DP-QPSK constellation uses 4 bits per symbol, 2 per each polarization. The clipping level is fixed to an optimal value of 9.5 dB. The optical carrier is modelled as an ideal continuous wave (CW) laser with 150 kHz linewidth for the transmitter and for the Local Oscillator (LO) at the receiver. The Erbium Doper Fiber Amplifier (EDFA) has 4 dB of noise figure. The optical channel consist of spans of Standard Single Mode Fiber (SSMF) of 80 km of fiber, each followed by an EDFA and an optical filter with 100 GHz of bandwidth. The effective core area of the fiber is 80 pm 2 -3 dB/m. At the receiver, the photo detectors are modelled as ideal PIN diodes with responsivity of 0.7 A/W, dark current of 10 nA and thermal noise of 16 nA/sqrt(Hz). Once the signal has been photodetected the phase noise has to be compensated. This phase noise is caused by the transmitter and the LO receiver lasers. The larger the laser linewidth, the greater the effect is. Thus, in order to compensate the phase noise, we implement the RF pilot algorithm [5] . The RF SG inserted around the RF at the transmitter is distorted as the same way that the rest of the OFDM signal. Hence, the received RF SG can be used to compensate these distortions. To do this, the optical carrier is filtered with a digital Low Pass Filter (LPF) with 100 MHz bandwidth and then is conjugated in order to obtain the phase error. The resulting signal is multiplied by the photodetected OFDM signal for phase compensation. 
RESULTS AND DISCUSSION
Firstly, we want to obtain the optical fiber launch power considering the TD-DPQPSK and PD-DPQPSK transmission schemes. For this purpose, the BER as a function of the fiber launch after 1040 km of fiber is presented in Fig. 3c ), resulting an optimum value of -3 dBm for both transmission schemes. Additionally, we evaluate the BER performance for both transmission schemes and we compare them with the conventional 4QAM CO-OFDM for Back to Back (B2B) transmission and after several km of fiber. It is important to note that all the analysed schemes are running at the same net symbol rate of 10 Gbaud, corresponding to a net optical bandwidth of 10 GHz. The Optical Signal-to-Noise Ratio (OSNR) is defined in a 12.5 GHz bandwidth. Figure 4 shows the BER characteristic for a B2B system and transmission after 1040 km and 2000 km of fiber. In Fig. 4a ) it can be observed that using the 4QAM conventional scheme, the OSNR at target BER is 14.7 dB for B2B. In case of using TD-DPQPSK and PD-DPQPSK the OSNR required is 17.8 dB and 20.6 dB, respectively. When the signal traverses 1040 km of fiber (13 spans of 80 km), the OSNR achieved is 16.6 dB, 19 dB and 23.6 dB for 4QAM, TD-DPQPSK and PS DPQPSK transmission schemes, respectively as it can be seen on Fig. 4b ). Finally, in Fig. 4c ), after 2000 km of fiber (25 spans of 80 km), the OSNR increases reaching values of 19.6 dB for 4QAM, 22.4 dB for TD-DPQPSK and 33 dB for PD-DPQPSK. It can be observed that the scheme more affected by the increase of the fiber length is PD-DPQPSK. However for TD-DPQPSK the trend is similar than 4QAM system (within 2 and 3 dB of OSNR difference between both at target BER) but TD-DPQPSK doubles the bit rate.
In Fig. 5 the OSNR penalties at target BER versus the fiber length with respect to the B2B configuration is illustrated. In general terms, these penalties increase with the length of the fiber. We can observe that the conventional 4QAM system and the TD-DPQPSK have a similar behaviour, with the difference that the penalties are lower for TD-DPQPSK than for 4QAM. For a distance of 2160 km this difference is 0.9 dB. In the case of PD-DPQPSK the penalties increase steeply after 1000 km reaching an OSNR penalty of 20.9 dB at 2160 km of fiber. 
CONCLUSIONS
In this paper, we have examined two schemes for CO-OFDM systems for long-haul transmission distances. Both use DPQPSK constellation but the optical transmission is based on time, in TD-DPQPSK, and based on polarization, in PD-DPQPSK. We have investigated the robustness of these schemes after transmission over different fiber lengths. PD-DPQPSK is the transmission scheme more affected by fiber nonlinearities generated through the fiber. Results have shown that the OSNR penalties increases steeply for more than 1000 km. Furthermore, the optical resources are doubled in this transmission scheme with respect to TD-DPQPSK scheme. Otherwise, TD-DPQPSK scheme is less affected by the transmission distance and the behaviour is similar than the 4QAM conventional system. More specifically, the TD-DPQPSK scheme improves its OSNR penalties to a maximum of 0.9 dB for 2160 km, transmitting the double of the bit rate with respect to 4QAM conventional scheme for the same net symbol rate (10 Gbaud). The results enable us to conclude that TD-DPQPSK transmission scheme is a promising solution for the effective use of the network resources.
